Unified Power Flow Controller (UPFC) is recognized as the most powerful flexible AC transmission systems (FACTS) device for power system operation. This paper addresses how UPFC explores the transmission flexibility and facilitates the integration of uncertain and volatile wind power generation. To this end, a comprehensive unit commitment (UC) model with UPFC and uncertain wind power generation is proposed. Then, some metrics are introduced to evaluate the impacts of UPFC on the reliability, security and economy of power system operation. Further, different dispatch strategies of UPFC are compared to provide helpful guidances on making full use of UPFC to hedge against uncertainties. In addition, facing the challenging mixed-integer non-linear non-convex problems, approximate models are proposed to provide a starting point to solve the problems efficiently. All these models are easy to adapt to other types of FACTS devices. Illustrative numerical results are provided.
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Introduction
The uncertainty of wind power generation has posed new challenges to power systems. The inherent volatility of wind power generation may impact the security and economy of power system operation, causing voltage violation and congestion. In order to deal with the increasing penetration of wind power generation, there is an urgent need to take full advantage of power system flexibility.
Generally, the flexibility of power system operation can be divided into three categories: generation side, transmission network and demand side. In generation side and demand side, a lot of efforts have been devoted to addressing the uncertainty of wind power generation. Different kinds of methods have been applied in unit commitment (UC) and economic dispatch to enhance generationside flexibility, such as stochastic optimization [1, 2] , chance-constrained optimization [3] , robust optimization [4, 5] , minimax regret [6] . In order to improve the computational efficiency and tractability, a scenario tree approach [7] and a scenario selection algorithm inspired by importance sampling [8, 9, 10, 11] have been applied to characterize the uncertainty of wind power generation with a few scenarios in stochastic UC problems. A practical adaptive robust UC solution methodology has been proposed in [12] , highlighting the scalability of the proposed formulation. In demand side, demand response, including price-based and incentive-based methods has been introduced to improve demand-side flexibility.
Although flexible AC transmission systems (FACTS) and high-voltage direct current (HVDC) provide transmission flexibility, few studies have been made to analyze their impacts on wind power integration in power system operation. In terms of FACTS, a control scheme is proposed in [13] to determine the optimal steady-state settings of thyristor controlled series capacitor (TCSC) in order to improve the usage of the existing transmission network. A two-stage method based on regression analysis is applied using a collection of offline simulations. A scenario-based optimal power flow (OPF) model is proposed in [14] to minimize wind power spillage with TCSC. The decision making method is formulated as a two-stage stochastic programming model while the control of TCSC are considered in the second stage. It has been proved that a series compensation may reduce the wind power spillage, unserved load, and total active power losses of the network [14] . In [15] , nodal and angular sensitivities are used for coordinating phase shifting transformers (PSTs) to deal with contingencies and to increase wind power penetration. It has been shown that the coordination in operation of these devices helps to bring the system into a secure state from an overload situation. The flexibility of HVDC lines and HVDC grid is exploited in security-constrained OPF frameworks so as to minimize the operating cost under wind power uncertainty [16, 17] . In those papers, the problems are formulated as chance constrained optimization programs and scenario-based methodologies are applied, which offer a strong solution with a-priori constraint violation guarantees. It has been shown that HVDC lines can be used to handle the fluctuating in-feed from renewable energy sources [17] . In [18] , a stochastic multi-period OPF model is presented which consists of an offshore wind farm connected to the grid by a line-commutated converter HVDC link. The obtained results demonstrate that the availability of transmission network capacity at the interface of AC/DC network is a key factor affecting the utilization of wind power generation.
Though efforts have been devoted to introducing FACTS devices into economic dispatch [19, 20, 21, 22] , the references with regard to unit commitment with FACTS devices are still limited. Reference [23] focuses on solving security constrained UC problem using artificial bee colony (ABC) algorithm incorporating FACTS devices. The results show that the installation of FACTS devices can improve power flow and reduce transmission line losses. A UC model considering FACTS devices for corrective operation is proposed in [24] . The original mixed-integer non-linear problem is reformulated as an mixed-integer linear problem. In this context, though optimality is not guaranteed, the simulation studies show that the method finds the optimal solution in most cases. However, these references all focus on using FACTS devices to improve power system reliability considering contingency, other than using FACTS devices to promote the integration of wind power generation. In addition, no evaluation process is developed for comparing different ways of using FACTS devices. In [23] , different types of FACTS devices are modeled in detail. In this paper, though only one type of FACTS devices, i.e., UPFC is considered, the power injection model is applied. It is more general and can easily be used to model other types of FACTS devices. In [24] , a linear programming approach is proposed to reduce computational complexity. However, only DC power flow is considered. In this context, the flexibility of FACTS device may not be fully exploited. In this paper, both active and reactive power flow are taken into account in order to take full advantage of FACTS devices.
Compared with generation-side and demand-side flexibility, using FACTS devices may be faster and cheaper, making it an appropriate tool to cope with the uncertainty of wind power generation in UC. FACTS devices can be initiated quickly and frequently, since the power electronics allows very short reaction time down to far below one second [25] . Moreover, FACTS devices are capable of controlling the interrelated parameters that govern the operation of transmission systems including series impedance, shunt impedance, current, voltage, phase angle [26] . Among the converter-based FACTS devices, Unified Power Flow Controller (UPFC) [27, 28] is a versatile FACTS device, which is capable of controlling circuit impedance, voltage angle and power flow simultaneously for optimal operation performance of power system [25] . This paper is focused on analyzing the impacts of UPFC on wind power integration in UC, so as to provide new insights into the utilization of UPFC. In the context, two issues need to be addressed. First, how to assess the impacts of UPFC? Second, how to use UPFC in an appropriate way? To lay the foundation for evaluation, a comprehensive UC model with UPFC and uncertain wind power generation is proposed. Then, some metrics are introduced to evaluate the impacts of UPFC. Further, different dispatch strategies of UPFC are compared to facilitate wind power integration. Additionally, facing the challenging mixedinteger non-linear non-convex problems, approximate models are proposed to provide a starting point to solve the problems efficiently. Thus, the contributions of this paper are threefold:
(1) A comprehensive evaluation process based on a two-stage stochastic UC model with UPFC and uncertain wind power generation is proposed. The control variables of UPFC are incorporated in both stages, while AC power flows are taken into account. In addition, power injection model of UPFC is used, which can be extended easily to incorporate different types of FACTS devices, such as static var compensator (SVC), static synchronous compensator (STATCOM), thyristor-controlled phase-shifter (TCPS).
(2) Different ways of applying UPFC in UC are comprehensively compared to fully exploit the flexibility of UPFC. Numerical results show that using UPFC only in the first stage helps to make a more economic UC schedule, but may bring adverse effects on wind power integration. On the other hand, the expectation of wind power curtailment and load shedding are largely reduced with the help of UPFC in the second stage. Meanwhile, the voltage profile is improved and the expected total cost is reduced even within a more rigid voltage limit. Moreover, the lowest expected total cost is achieved when UPFC is dispatched in both stages. The results provide new insights for the use of UPFC in UC so as to address uncertain wind power generation. (3) A DC model and a mixed model are proposed to find an approximate solution with lower computational burdens. Since the proposed AC model is a mixed-integer non-linear non-convex problem which is challenging to solve, a good starting point is identified to solve it. The DC model is computationally efficient but it cannot make full use of UPFC. Meanwhile, the mixed model obtains relatively accurate solutions with less computational burdens than the AC model, when the UC schedule derived from the DC model is feasible.
The rest of the paper is organized as below. Section 2 incorporates UPFC into the two-stage stochastic UC model, and proposes the approximate DC and mixed models. Section 3 proposes the different strategies of using UPFC. Section 4 presents the evaluation process and introduces various metrics. Section 5 provides the comprehensive analysis of the impacts of UPFC. Finally, in Section 6, some relevant conclusions are drawn.
Two-stage UC Model with UPFC

Two-Stage Stochastic UC Model
The UC problem is formulated as a two-stage stochastic programming model. The UC schedule is determined in the first stage, while wind power curtailment and load shedding are only allowed in the second stage.
The objective is to minimize the total cost, which consists of two parts: the UC cost in the first stage, including startup cost and shutdown cost, and the expected cost in the second stage, including fuel cost, wind power curtailment cost and load shedding cost (1) .
First-stage Problem
The first-stage problem represents the here-and-now decision making process before knowing the actual values of stochastic variables. Therefore, the decisions are made based on forecast data. The constraints are formulated with reference to [29] , including active and reactive power balance constraints (2)-(3), voltage magnitude limits (4), voltage angle limits (5), spinning reserve requirements (6), transfer capacity limits (7)- (8), thermal unit generation limits (9)-(11), ramping constraints (12)- (14), minimum up and down time constraints [29] .
Second-stage Problem
The second-stage problem makes the wait-and-see decisions, based on wind power generation scenarios. Latin hypercube sampling (LHS) technique [30] is employed to generate a set of scenarios in order to form a discrete approximation of wind power generation. However, a large number of scenarios may make the associated stochastic optimization problem intractable. Thus, a scenario reduction technique based on probability metric [31, 32] is applied to reduce the number of scenarios, while preserving most of the stochastic information.
In each scenario, the power system operation constraints are satisfied, including active and reactive power balance constraints (15)- (16), wind power curtailment limits (17) , load shedding limits (18) , voltage magnitude limits (19) , voltage angle limits (20) , spinning reserve requirements (21), transfer capacity limits (22)- (23), thermal unit generation limits (24)- (26), and ramping constraints (27) - (29).
The steady-state models of FACTS devices can be formulated as a series and/or shunt-inserted voltage (-current) source(s), which is called voltage source model (VSM) [33] . The VSM is intuitive but it destroys the symmetric characteristics of the admittance matrix [34] . Derived from VSM, the power injection model (PIM) [35, 36] , as shown in Fig. 1 , keeps the symmetry of the admittance matrix. The PIM of UPFC is applied in both first and second stages. Both active and reactive power flows are taken into account, so that not only the impacts on active power but also voltage can be analyzed. For brevity, only the integration of UPFC into the first stage of UC is shown. UPFC is included in the second stage analogously. Then, re-dispatch constraints are introduced between the two stages to formulate different dispatch strategies.
Let L be the set of branches with UPFC installed. For any branch ij ∈ L, the PIM of UPFC in the first stage is formulated as below [36] .
The impacts of UPFC on active power flow are incorporated into the active power balance constraint (2) as two inverse active power injections at bus i (30) and bus j (32), respectively. Similarly, The impacts of UPFC on reactive power flow are included in the reactive power balance constraint (3) as reactive power injections at bus i (31) and bus j (33), respectively. It should be noted that the two reactive power injections have different physical meanings. According to [36] , Q U,sh ij,t is injected by the shunt synchronous voltage source (SVS) directly into bus i for regulating voltage, while Q U,se ij,t is generated by the series SVS, flowing via line ij for reactive line flow control. Moreover, the formulation with two reactive power injections is more versatile, which can be extended to represent shunt or series controllers. Equality (34) represents the line flow with UPFC power injections. Inequality (35)-(37) denote the thermal limitations and the limit of active power transferred through converters. The details of UPFC injection model can be found in [35] .
The model of UPFC in the second stage is formulated similarly to the above constraints (30)-(37) with second-stage variables. In addition, the re-dispatch constraints are added as below, so that the power injections of UPFC are dispatched within an acceptable level between the two stages to accommodate wind power uncertainty.
DC and Mixed Models
The proposed AC problem above is mixed-integer, nonlinear, and non-convex. Due to its complexity and lack of efficient computational tools, some approx-imate models are proposed, which may be served as alternatives to solve the problem. If only DC power flows are considered, the model can be simplified to reduce computational burdens. However, it is worth mentioning that the impacts of UPFC on voltage are ignored, yielding the flexibility of UPFC cannot be fully exploited. Compared with the AC model, the objective function is the same as (1), while the constraints related to voltage and reactive power are removed in the DC model. Moreover, the power balance constraints and line flow equations in the first (41)- (45) and second stage (46)- (50) are changed, while the other constraints remain unchanged.
Since the integer variables largely increase computational complexity, the mixed model performs an AC economic dispatch based on the UC solution of the aforementioned DC model. First, the DC problem is solved to obtained the UC schedule. Second, the binary variables in the AC model, which indicate the unit status, are fixed with the UC schedule of the DC model. Third, the AC problem is solved with economic dispatch constraints. On one hand, the computational burden is reduced compared with the full AC model. On the other hand, the solution to the DC-only model may violate the AC economic dispatch constraints, since reactive power flow constraints are ignored in the DC model.
Different Dispatch Strategies of UPFC
In the first stage, the setpoints of thermal unit outputs and UPFC are determined according to wind power generation forecast minimizing the UC cost, while in the second-stage, the expected total cost is minimized with the redispatch of thermal units and UPFC to accommodate uncertain wind power generation in different scenarios. According to the stage where the control of UPFC is employed, different dispatch strategies are proposed as follows, aimed at seeking the best way to utilize UPFC for wind power integration in UC. All the models are implemented in GAMS [37] and solved by DICOPT [38] .
(1) DM: Deterministic UC model without UPFC, based on wind power generation forecast.
(2) NOM: Non-optimal model with UPFC, where only wind power generation forecast is used, and no optimization is made for the second stage. 
No UPFC Model (NM)
In NM, all of UPFC associated variables are set to zero as below. The objective function and other constraints remain unchanged. As a result, it is a basic two-stage stochastic UC model with uncertain wind power generation, serving as a benchmark.
UPFC in the First Stage Model (FSM)
When employed only in the first stage, the UPFC cannot be re-dispatched in the second stage. In other words, the setpoints of UPFC are determined in the first stage and remain unchanged in the second stage. Thus, the re-dispatch constraints of UPFC are set to zero as below.
UPFC in the Second Stage Model (SSM)
When employed only in the second stage, the UPFC has zero setpoints in the first stage as below, and is re-dispatched in the second stage with respect to wind power generation scenarios.
UPFC in the First and Second Stage Model (FSSM)
When used in the both stages, the UPFC is set up in the first stage and then re-dispatched in the second stage based on wind power generation scenarios, while the re-dispatch constraints (38) - (40) are satisfied.
It is worth noting that compared with NM, FSM has extra controllable variables in the first stage which may help to reduce operating cost, while SSM has extra controllable variables in the second stage which may contribute to reducing the expected wind power curtailment cost and load shedding cost. Further, FSSM has the most controllable variables among the proposed models, making it the most flexible one.
Evaluation and Metrics
As stated in Section 2.1.2, a large quantity of possible wind power generation scenarios are generated using LHS, then reduced to a few scenarios by scenario reduction technique. The optimization problems are formulated based on the reduced scenarios. Therefore, evaluations are required to test the optimal solutions in each of the original generated scenario, as well as to analyze metrics reflecting the impacts of UPFC on wind power integration. In this paper, 1000 scenarios are generated then reduced to 10 for optimization. With the first-stage decisions fixed as the optimal solutions, including thermal unit status and UPFC setpoints, economic dispatch is performed according to each wind power generation scenario as a simulation of the second-stage decision making process aimed at minimizing operating cost, including fuel cost, wind power curtailment cost and load shedding cost. After all the scenarios are evaluated, various metrics are calculated based on all the evaluation results. The whole process is shown in Fig. 2 .
The expected costs are calculated as below, including expected fuel cost (EFC), expected wind power curtailment cost (EWC), expected load shedding cost (ELC) and expected total cost (ETC). whereŜ denotes the set of all generated scenarios. C are the fuel cost, wind power curtailment cost, and load shedding cost of each scenario, respectively. UC cost (UCC) includes the startup and shuntdown cost of thermal units.
Change rate (CR) of expected costs compares the difference of the EFC, EWC, ELC, ETC before and after UPFC is employed. In other words, it shows the rate of change of the expected costs in FSM, SSM and FSSM, compared with NM. For instance, the change rate of EFC (CR EF C ) in FSSM is calculated as below.
where the superscript of EFC denotes the type of model. The change rate of EWC (CR EW C ), ELC (CR ELC ) and ETC (CR ET C ) can be obtained similarly. The loss of load probability (LOLP) is also introduced to evaluate the probability of load shedding (60).
where h L t equals to 1 if there is load shedding at hour t, otherwise h L t is 0. 24 indicates the dispatch horizon is 24 hours. Similarly, the wind power curtailment probability (WPCP) is proposed to quantify the probability of wind power curtailment (61).
where h W t equals to 1 if there is wind power curtailment at hour t, otherwise h W t is 0.
Case Studies
A 6-bus system [1] , as shown in Fig. 3 , is used for testing the proposed models and analyzing the impacts of UPFC. The system contains three thermal units, one wind farm and one UPFC. The transmission line data are listed in Table 1 . The spinning reserve requirements are assumed to be 5% of the load. The wind farm, which is assumed to be controlled with a constant power factor of 0.96, is located at bus 4, with the capacity of 150MW. The UPFC is installed in line 4-5 and paralleled at bus 4. The parameters of UPFC are given in Table  2 . The price of wind power curtailment is considered as the levelized cost of electricity [39] , which is $73.6/MWh, and the price of load shedding is assumed to be $300/MWh. In Appendix, the characteristics of thermal units are given in Table 17 and Table 18 , while the hourly load and wind power generation forecast are listed in Table 19 . Without loss of generality, the hourly wind power generation forecast error is assumed to follow a normal distribution N (0, σ), and the standard deviation σ is set as 20MW. This normal distribution assumption is an approximate and widely used one, which has been adopted in [1, 3, 40, 41] . Since the proposed UC model is independent of the distribution of wind power generation forecast error, other distributions may also be applied. 1000 scenarios of wind power generation are generated using LHS technique, each of which is assigned a probability that is one divided by the number of total generated scenarios, i.e., 0.001. Then these scenarios are reduced to 10 scenarios using the scenario reduction technique [31] . It should be noted that the proposed UC models are independent of the scenario generation and reduction technique. As a result, other scenario generation and reduction methods can also be adopted. The reduced 10 scenarios are shown in Table 20 in Appendix. More detailed scenario data can be found at [42] .
In the following sections, the impacts of UPFC on wind power integration are analyzed from different aspects, including wind power curtailment, load shedding, power flow, operating costs, unit status and voltage profile. Additionally, the approximate models are investigated. The expected costs are shown in Table 3 , while the change rates are listed in Table 4 . If UPFC is not allowed to be re-dispatched in the second stage (FSM), the impact on the expected wind power curtailment cost is negligible. Additionally, the expected load shedding cost increases compared with NM. Otherwise, dispatching UPFC in the second stage (SSM, FSSM) yields considerable reductions in the expected wind power curtailment and expected load shedding cost. It is especially evident in SSM, where the expected wind power curtailment cost and expected load shedding cost dramatically decrease by 73.5% and 91.7%, respectively.
Wind Power Curtailment and Load Shedding
For further analysis, the wind power curtailment probability and loss of load probability are provided in Table 5 . When observing FSM, one interesting finding is that employing UPFC may increase the probability of wind power curtailment and load shedding when the re-dispatch of UPFC is not allowed in the second stage. It implies that this traditional dispatch strategy, though reduces the total expected cost, may bring adverse impacts on wind power integration. In contrast, when dispatched in the second stage, UPFC significantly reduces the probability of wind power curtailment and load shedding by accommodating uncertain wind power generation. Another interesting observation is that SSM has lower probabilities of wind power curtailment and load shedding than FSSM, which coincides with the results of expected costs in Table 3 . The main reason behind this is that FSSM has a different UC schedule from SSM, yielding less expected total cost. In other words, FSSM achieves lower expected total cost at the expense of higher expected wind power curtailment cost and expected load shedding cost comparing with SSM. In summary, UPFC facilitates wind power integration when it is dispatched in the second stage, while it may not be able to adequately address uncertainty if it is only dispatched in the first stage. When considering only the expected wind power curtailment cost and expected load shedding cost, SSM is the best dispatch strategy.
Power Flow
In order to further investigate the impacts of UPFC on power flow, hour 12 in scenario 78 is selected for analysis. At this hour, the active power flow through line 4-5 reaches the transmission capacity, which is 130MW, giving rise to a congestion, which causes 21.6 MW wind power curtailment in NM, as shown in Fig. 4 . However, less wind power generation is curtailed when UPFC is installed, since more active power is transferred through line 4-2 to bus 2, as depicted in Fig. 5 . Particularly in SSM and FSSM, there is no wind power curtailment. This example shows that UPFC has the capability of regulating active power flow to reduce wind power curtailment.
Operating Costs
The optimization results are provided in Table 6 . Compared with DM, the utilization of UPFC in NOM helps to reduce fuel cost by changing the UC schedule. Comparing NM with DM, which is a deterministic model without UPFC, it clearly shows that the consideration of uncertainty increases the expected fuel cost if UPFC is not employed. On the contrary, with the help of UPFC (FSM, SSM, FSSM), the expected fuel cost falls to a lower level than DM. Meanwhile, the objective cost follows a similar trend. In particular, FSSM achieves the least expected fuel cost as well as objective cost since it is the most flexible model. Different from the optimization results, in the evaluation results (see Table  3 ), the expected fuel cost of DM is the highest due to its least robust UC schedule made with only wind power generation forecast. An interesting observation is no matter employed in which stage, UPFC has a beneficial effect on the expected fuel cost. It is particularly evident when UPFC is applied in both stages (FSSM), which leads to a 2.9% reduction in the expected fuel cost. Therefore, it can be stated that when UPFC is applied, though UC cost remains unchanged, the expected fuel cost declines with wind power integration. Moreover, the best overall performance is achieved when UPFC is controllable in both stages (FSSM), resulting in the lowest expected total cost. One interesting finding is that when the UC schedule and UPFC setpoints are fixed as the solution to NOM, the economic dispatch problems may be infeasible in many scenarios. It indicates that the non-optimal method may result in high risk in operation.
Unit Status
Though the UC costs in different models (DM, NM, FSM, SSM, FSSM) are the same, the unit status are different, as shown in Table 7 . The cheapest unit G1 is always committed regardless of model. Different from NM, G2 is committed at hour 8 and 9 when UPFC is employed. Additionally, when UPFC is used in the first stage (FSM, FSSM), G3 is committed for less hours. Especially in FSSM, G3 is only committed between hour 10 and 19. Consequently, the expected fuel cost of FSSM is reduced to achieve the smallest amount. It is understood that deploying UPFC leads to a more economic UC schedule. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  NM 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  FSM 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  SSM 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  FSSM 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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DM 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0  NM 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0  FSM 0 0 1 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0  SSM 0 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 0 0 1 Table. 8 lists the evaluation results of the expected voltage magnitude at bus 4, which is connected with a wind farm. The results indicate that the average voltage magnitude is higher when UPFC is installed. Additionally, less fluctuation is experienced in SSM and FSSM than in FSM, since UPFC can be re-dispatched in the second stage according to different wind power generation scenarios.
In order to further investigate the impact of UPFC on voltage magnitude, the lower limit of voltage magnitude is increased from 0.95 p.u. to 0.98 p.u., while the upper limit remains at 1.05 p.u.. The optimization results are listed in Table 9 . The more rigid voltage limits lead to an increase in the objective cost (see Table 6 ), while the impacts of UPFC are similar. Compared with NM, the expected wind power curtailment cost and load shedding cost are both reduced when UPFC is controllable in the second stage (SSM, FSSM). However, the expected load shedding cost increases in FSM, mainly because the power injections of UPFC are fixed in the second stage. Due to the reductions in the expected fuel cost and expected wind power curtailment cost, FSM still yields a lower objective cost than NM. One interesting observation is that FSSM outperforms SSM with respect to the expected wind power curtailment cost and expected load shedding cost, implying the impact of UC schedule becomes more significant. In some cases, the reactive power demand of the wind farm has to be curtailed due to the voltage magnitude limit. Consequently, wind power generation is also curtailed due to the constant power factor control strategy. Fig. 6 illustrates the voltage magnitude of all the buses in such a situation, which occurs in NM in scenario 41 at hour 24. At this hour, G3 is off, whereas G1 and G2 are on. The voltage magnitude at bus 1 reaches its upper limit, while the reactive power output of G2 reaches its upper limit. Meanwhile, the voltage magnitude at bus 5 drops to its lower limit. In this situation, neither G1 nor G2 is able to provide sufficient reactive power to meet the demand of the wind farm. As a result, 1.8 MVar reactive power demand of the wind farm has to be curtailed, causing 6.2 MW curtailment of wind power generation.
The results in this section demonstrate the capability of UPFC to improve voltage profile, and the impacts of UPFC when a more rigid voltage magnitude limit is imposed.
DC and Mixed Models
The optimization results of the DC models are listed in Table 10 . Similar to the AC models, UPFC can help to make a more economic UC schedule when used in the first stage, and reduces the expected wind power curtailment cost and expected load shedding cost when it is flexible in the second stage. The results of SSM and FSSM are the same, even though the setpoints of UPFC are different in the first stage. This is reasonable as there is no re-dispatch cost of UPFC. It also indicates that the flexibility of UPFC may not be fully exploited when only the DC constraints are considered. The evaluation results of the DC models are shown in Table 11 and Table  12 , which coincide with the optimization results. One interesting observation is that the expected load shedding cost in FSM apparently increases compared with that in NM, implying that the DC model shows the trend of change but may not be accurate. Table 13 and 14 present the optimization and evaluation results of the mixed models, respectively. The optimization problems of NM and SSM are infeasible, but they becomes feasible when the range of voltage magnitude limits is relaxed as 0.9 to 1.1, implying that in these cases the constraints associated with voltage cannot be ignored. When UPFC is employed in the first stage, the mixed models may be an approximate method due to the similar results to those of the AC models (see Table 6 and 3). The WPCP and LOLP of the mixed models are shown in Table 15 , which are also similar to the results of the AC models (see Table 5 ). The computational time of different models is listed in Table 16 . The computational time of DC models declines dramatically due to much less complexity. Meanwhile, the mixed models have longer computational time than the DC models, but still much shorter than the AC models.
In order to demonstrate the trend of solutions with changing parameters, FSSM is investigated, which is the best overall performing approach, in AC, DC, and mixed formulations with different capacities of UPFC. When the capacity of UPFC increases, the objective cost decreases as shown in Fig. 7 , and the deviation between the AC and DC model becomes larger, while the results of the mixed model remains close to that of the AC model. As depicted in Fig.  8 and 9 , the evaluation results show that increasing the capacity of UPFC leads to lower expected wind power curtailment cost and expected load shedding cost. The interesting point is that the impact on these costs declines as the capacity of UPFC increases, implying that the benefit of UPFC gets smaller when its capacity further increases. In addition, the expected wind power curtailment cost of the DC model is always higher than that of the AC model, indicating that using the DC model may overestimate the expectation of wind power curtailment. Therefore, it may be implied that compared with the AC model, the DC model has a much lower computational burden, but the objective cost may be inaccurate, especially when the capacity of UPFC is large. Meanwhile, the mixed model obtains relatively accurate results with higher computational efficiency. Thus, the mixed model may be an alternative way to solve the problem.
Concluding Remarks
UPFC has the underlying capability to facilitate wind power integration in UC, which has not been fully exploited. In this paper, a comprehensive evaluation process based on a two-stage stochastic UC model with UPFC and wind power integration is proposed. Different ways of utilizing UPFC are compared to analyze the impacts and benefits of UPFC, for bettering understanding the role of UPFC in accommodating uncertain wind power generation. Some conclusions are drawn as follows.
(1) When set up only in the first stage (FSM), UPFC has negligible impacts on the UC cost, but reduces the fuel cost by affecting unit status, leading to a more economic UC schedule. However, it may has adverse impacts on wind power integration, causing higher probabilities of wind power curtailment and load shedding due to the inflexible control in the second stage.
(2) When dispatched only in the second stage (SSM), UPFC yields a considerable decrement of expected wind power curtailment cost as well as expected load shedding cost, due to its capability of regulating power flow. In fact, if only the expected wind power curtailment cost and expected load shedding cost are considered, SSM performs better than the other models within relatively relaxed voltage limits. Moreover, voltage profile is improved and the expected total cost is reduced even with more rigid voltage magnitude limits.
(3) Reaching the lowest expected total cost, FSSM achieves the best performance for facilitating wind power integration in UC. In FSSM, the flexibility of UPFC is fully exploited so that all types of costs are reduced. However, within relatively relaxed voltage limits, FSSM sacrifices the savings in the expected wind power curtailment cost and expected load shedding cost for less expected fuel cost. As a result, power system operators may choose to employ UPFC in different stages according to different purposes. Further, the formulation is easy to be extended to model other FACTS devices.
(4) Compared with the AC model, the DC model is incapable of taking full advantage of UPFC. In contrast, the mixed model may obtain similar results to the AC model with much less computational complexity. However, the case studies also show that, the mixed model is not applicable to NM and SSM, since AC power flow constraints are not satisfied with the UC schedules derived from the DC models.
(5) The benefits of UPFC become smaller when the capacity of UPFC increases to a certain extent. That implies transmission congestion is not the bottleneck of integrating wind generation any longer, and other types of controllable resources other than transmission flexibility are required.
Technically, the AC problems may be solved using interior point algorithm [43, 44] , intelligent algorithm [45, 46, 47, 48] , or decomposition technique [1, 49] . While this work serves as a starting point to solve the problems for a real-world large-scale system, the future work will focus on developing more efficient and practical algorithms to solve the problems.
Some emerging techniques, such as energy storage, also provide flexibility to accommodates the uncertainty of wind power generation. Energy storage systems accommodate uncertainty by re-balancing power generation and demand. They can either store surplus wind generation or release electricity when wind generation is insufficient. Such flexibility, however, has to be transfered through transmission network if generation and demand are not in the same place. In this context, transmission flexibility is required to eliminate possible congestions. Though FACTS device itself does not generate active power, it is specifically used for alleviating congestions by controlling power flows. In this sense, FACTS devices cannot replace energy storage, but rather serve as a supplement for fully exploiting power system flexibility. The coordination of FACTS devices and energy storage is well worth investigating for future power systems. 
